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The molecular basis for asymmetric meiotic
divisions in mammalian oocytes that give rise
tomature eggs and polar bodies remains poorly
understood. Previous studies demonstrated
that the asymmetrically positioned meiotic
chromosomes provide the cue for cortical po-
larity in mouse oocytes. Here we show that
the chromatin-induced cortical response can
be fully reconstituted by injecting DNA-coated
beads into metaphase II-arrested eggs. The in-
jected DNA beads induce a cortical actin cap,
surrounded by a myosin II ring, in a manner
that depends on the number of beads and their
distance from the cortex. The Ran GTPase
plays a critical role in this process, because
dominant-negative and constitutively active Ran
mutants disrupt DNA-induced cortical polariza-
tion. The Ran-mediated signaling to the cortex
is independent of the spindle but requires cor-
tical myosin II assembly. We hypothesize that
a RanGTP gradient serves as a molecular ruler
to interpret the asymmetric position of the
meiotic chromatin.
INTRODUCTION
Female meiosis is an extreme case of asymmetric cell di-
vision, composed of two rounds of asymmetric divisions
that produce a mature egg and two much smaller polar
bodies destined for apoptosis (Brunet and Maro, 2005).
During meiotic maturation, oocytes develop a specialized
cortical domain overlying the subcortically positioned
meiotic chromosomes/spindle that is characterized by
the enrichment of actin and the absence of cortical gran-
ules and microvilli (Deng et al., 2003; Longo and Chen,
1985; Maro et al., 1986). This specialized cortical domain
marks the site of polar body extrusion.
Establishment of cortical polarity is critical for asymmet-
ricmitotic andmeiotic cell divisions; however, an apparentDevelopmedifference between these processes lies in the source of
the cue for establishing cortical polarity. In most mitotic
cells, the cues that direct cell polarization are often extrin-
sic, coming from the environment or certain cortical land-
marks (Drubin and Nelson, 1996; Shulman and St John-
ston, 1999). Establishment of cortical polarity in mouse
oocytes, however, correlates with chromosome position
(Brunet and Maro, 2005; Deng et al., 2003; Longo and
Chen, 1985). During meiotic maturation, the meiosis I
spindle assembles around the centrally positioned meta-
phase chromosomes and then migrates to the cortex of
the oocyte in an actin-dependent manner (Brunet and
Maro, 2005; Leader et al., 2002). The subcortically posi-
tioned chromatin induces an ectopic actin-rich and corti-
cal granule-free domain in a MOS-dependent manner
(Deng et al., 2003, 2005). These findings suggest that
the molecular pathway controlling asymmetric cell divi-
sions in mouse meiosis may be quite different from that
in mitotic cells. Here we have furthered these studies by
demonstrating that injection of DNA-coated beads sub-
cortically provides the necessary cue to induce the estab-
lishment of cortical polarity and assembly of a myosin
II-based ring independent of microtubules, and that active
Ran GTPase and myosin II (myoII) play important roles
during this process.
RESULTS
Injection of DNA-Coated Beads Induces Ectopic
Cortical Polarization and Myosin II Ring Assembly
To determine whether a general, nonspecific DNA se-
quence is able to mimic the chromosomes to induce corti-
cal polarity, we injected beads coated with bacterial or
yeast plasmid DNA, 5–6 kb in length, into mouse MII
eggs. Remarkably, the injectedDNAbeads induced an ec-
topic actin cap (see Figures S1A, S1C, S1D, S1F, S1G, and
S1I, arrows, in the Supplemental Data available with this
article online), in contrast to the previously formed actin
cap overlying the maternal MII chromosomes (Figures
S1A, S1C, S1D, S1F, S1G, and S1I, arrowheads). Interest-
ingly, myoII was not only recruited to the cortical cap as
previously reported (Simerly et al., 1998) but assembled
into adistinct ring structure surrounding theactin capover-
lying either the DNA beads (Figures S1B and S1E, arrows)ntal Cell 12, 301–308, February 2007 ª2007 Elsevier Inc. 301
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arrowheads; Movie S1). Previous work showed that the
cortical polarity marker, PAR-3, is localized to the actin-
rich cortical domain overlying the maternal MII chromo-
somes in mouse eggs (Duncan et al., 2005). We found
that PAR-3 (Figures S1H and S1I) and aPKC (not shown)
were all concentrated to cortical caps overlying the DNA
beads andmaternal chromosomes. These results suggest
that DNA beads faithfully replicate the meiotic chromo-
some-induced cortical polarization in mouse oocytes.
The above induced cortical response is DNA specific
because (1) beads not coated with DNA did not induce
any cortical response (Figures S1J–S1L, arrows; Movie
S2); (2) digestion of DNA-coated beads by DNase prior
to microinjection abolished their ability to induce the
cortical response (data not shown); and (3) beads coated
with double-stranded RNA were unable to induce the
cortical response (data not shown). These experiments
also suggest that, different from the wound-induced
actomyosin ring formation observed in Xenopus oocytes
(Bement et al., 1999), membrane ‘‘wound’’ incurred from
microinjectionwas unable to induce actomyosin assembly
in mouse oocytes.
To further understand the nature of the DNA signal, we
determined the effects of the quantity of the injected
DNA beads and their distance from the cortex on the
cortical response. Injection of one DNA bead was able to
induce the actin cap, but the size of the cap was consider-
ably smaller than that induced by three beads (Figures 1A
and 1C, arrows; Figure 1E) and nomyoII ringwas observed
in the oneDNAbead-injected cortex (Figure 1B), indicating
that the input DNA is a limiting factor. By injecting the same
number of DNA beads (three beads) into the eggs at differ-
ent distances from the cortex, we found that the DNA
signal can effectively propagate through a distance of
10 mmor less to reach the cortex (Figure 1F). The efficiency
of the DNA bead-induced cortical response, however, de-
creased sharply after the distance was increased to 20 mm
and was completely absent when the beads were 30 mm
away from the plasma membrane (Figure 1F). In addition,
the size of the actin caps induced by beads 20 mm away
from the cortex was smaller than that induced by beads
placed within 10 mm (Figure 1G). These results suggest
that the DNAcue induces cortical polarization in a dosage-
and distance-dependent manner.
RanGTP Is Required for Chromatin-Induced
Cortical Polarity
Experiments in Xenopus egg extracts showed that DNA-
coated beads can induce spindle assembly and nuclear
envelope formation through pathways involving the small
GTPase Ran, which forms a gradient of RanGTP emanating
from the chromatin (Carazo-Salas et al., 2001; Caudron
et al., 2005; Clarke, 2005; Kalab et al., 2002). Ran is known
to be concentrated near the metaphase chromosomes in
mouse oocytes (Hinkle et al., 2002). To determine whether
Ran plays any role in the chromatin-induced cortical
response in mouse eggs, a dominant-negative mutant of
Ran, RanT24N (Wilde et al., 2001), which blocks endoge-302 Developmental Cell 12, 301–308, February 2007 ª2007 Elsenous Ran activation through inhibition of RCC1, the Ran
guanine nucleotide exchange factor (GEF), was coinjected
with the DNA beads into the eggs. At a low intracellular
concentration of 0.8 mM, RanT24N did not block actin cap
formation (Figures 2A–2C and 2P); however, myoII formed
a cap instead of a ring, and the previously assembled
myoII rings overlying the maternal MII chromosomes
changed into caps (Figures 2B, 2C, and 2P). When the
concentration of RanT24N was increased to 1.6 mM, the
DNA bead-induced cortical response was completely
abolished (Figures 2D–2F and 2P), and the previously
formed actin cap and myoII ring overlying the MII chromo-
somes were also significantly diminished (Figures 2D–2F
and 2P). To demonstrate further the specificity of the inhi-
bition by RanT24N, an equimolar amount of RCC1 was
mixed with RanT24N and coinjected with the DNA beads
into the eggs. Inclusion of RCC1 neutralized RanT24N inhi-
bition of chromatin-induced actin/myoII cap formation
(Figures 2G–2I and 2P), confirming that the action of
RanT24N was indeed through inhibition of RCC1. RCC1
did not rescue the myoII ring, however, which may be
due to imperfect restoration of active Ran distribution.
Because spindle assembly requires a gradient of
RanGTP, we tested whether this is also true for cortical
polarization by injecting a high concentration (13.9 mM)
of the constitutively active Ran, RanQ69L. The injected
RanQ69L blocked actin cap and myoII ring formation
(Figures 2J–2L and 2P), whereas control injection with
wild-type Ran at this concentration had no effect (Figures
2M–2O and 2P). This result suggests that chromatin may
induce cortical polarity through a RanGTP gradient.
Microtubules Do Not Provide Signals for Cortical
Polarization and MyoII Ring Formation
A known biochemical effect of Ran during mitosis is to
stimulate microtubule nucleation and stabilization (Wilde
et al., 2001). Recent work has shown that microtubules
can play an important role in the establishment of cortical
polarity (Siegrist and Doe, 2005). Although earlier studies
in mouse oocytes reported that microtubule inhibitors
did not affect maternal chromosome-induced cortical
reorganization (Connors et al., 1998; Longo and Chen,
1985; Maro et al., 1986), it remains possible that the spin-
dle or microtubules play a role in Ran signaling to the
cortex. We indeed observed spindle formation around
the injected DNA beads with an actin cap formed in the
overlying cortex (Figure 3A, arrow); however, DNA beads
often induced actin caps without inducing spindle forma-
tion (Figure 3C, arrow). The maternal chromosomes can
also induce a cortical actin cap in the absence of a bipolar
spindle (Figure 3C, arrowhead). Consistent with these
observations, injection of DNA beads into nocodazole-
treated eggs was still able to induce an actin cap and
myoII ring formation (Figures 3D–3F), suggesting that
microtubule assembly is not essential for DNA-induced
cortical polarization.
To determine whether bipolar spindles have any poten-
tial to induce cortical polarity, we induced spindle forma-
tion in the absence of chromatin by removing the meioticvier Inc.
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Chromatin Signaling in Oocyte Cortical PolarityFigure 1. Dose- and Distance-Dependent DNA Bead-Induced Cortical Response
(A and B) Cortical actin (red) and myoII (green) assembly induced by one DNA bead (arrows).
(C and D) Cortical response induced by three DNA beads (arrows).
(E) Quantification of the actin cap size induced by one and three DNA beads, respectively.
(F) Percentage of eggs showing an observable actin cap in response to three DNA beads injected at different distances away from the plasma
membrane as indicated in the upper images.
(G) Comparison of the size of the actin cap induced by three DNA beads injected at 10 mm and 20 mm away from the closest plasma membrane of the
eggs quantified in (F).chromosomes/spindle from the MII eggs (Brunet et al.,
1998). The chromatin-less spindles that formed in the
cytoplast were unable to induce any cortical response,
even though they were localized close to the plasma
membrane (Figures 3J and 3K, arrowheads; n = 27). The
lack of cortical response of cytoplasts to the chromatin-
less spindles was not due to loss of the ability to undergo
cortical polarization because injection of DNA beads into
these cytoplasts still induced cortical actin cap formation
(Figure 3L, arrow). These results demonstrate unequivo-
cally that the signal responsible for inducing cortical actin
cap and myoII ring formation emanates directly from the
chromatin, and not via microtubule-based structures.DevelopmeRan Does Not Affect Global MAP Kinase Activation
but May Be Important for Restricting Active MAP
Kinase to the Chromatin Region
Our previous report showed that the MOS-dependent
MAP kinase (MAPK) pathway is critical for maternal and
sperm chromosome-induced actin cap formation (Deng
et al., 2005), and we have observed that DNA bead-
induced cortical polarization is also defective in Mos/
oocytes (data not shown). To test whether the inhibitory
effect of RanT24N was due to a blockage ofMAP kinase ac-
tivation,MAP kinase andCDK1 (histone H1 kinase) activity
in MII eggs were measured after injecting the inhibitory
amount of RanT24N. We observed no difference in the levelntal Cell 12, 301–308, February 2007 ª2007 Elsevier Inc. 303
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Chromatin Signaling in Oocyte Cortical PolarityFigure 2. Disruption of Ran Blocks Chromatin-Induced Corti-
cal Polarization
(A–F) Dose-dependent inhibition of RanT24N of the DNA bead-induced
actin cap and myoII ring formation. RanT24N (0.8 mM) did not inhibit
actin and myoII cortical localization to the cortex overlying both the
injected DNA beads (A and B, arrows) and the MII chromosomes (A
and B, arrowheads) but blocked myoII ring formation (B, arrow and
arrowhead). At 1.6 mM, the DNA bead-induced actin cap and myoII
cortical assembly were completely blocked (D and E, arrows) and
the previously formed actin cap and myoII ring overlying the MII
chromosomes were also severely disrupted (D and E, arrowheads).
(G–I) Coinjection of RCC1 and RanT24N at a 1:1 molar ratio with DNA
beads. Note that actin caps and myoII cortical concentrations were
observed overlying the injected DNA beads (arrows) and the maternal
MII chromosomes (arrowheads).
(J–L) Injection of RanQ69L at 13.9 mM intracellular concentration
blocked the DNA bead-induced actin cap and myoII ring (arrows).
(M–O) Injection of wild-type Ran at 13.9 mM intracellular concentration
had no effect on the DNA bead-induced cortical response (arrows).
The arrowheads indicate the cortex overlying the maternal MII
chromosomes.
(P) Quantification of actin and myoII ring assembly in oocytes injected
with various proteins.304 Developmental Cell 12, 301–308, February 2007 ª2007 Elseof either the MAPK or CDK1 kinase activity between the
RanT24N-injected eggs and the wild-type Ran-injected
eggs (Figure S2). Consistent with a previous observation
after sperm chromatin injection (Deng et al., 2005), we
found active MAPK concentrated around the injected
DNA beads (Figures S2B–S2D, arrows) and throughout
the MII spindle (Figure S2E). Interestingly, staining of the
RanT24N-injected eggs showed a dramatic reduction of
phospho-MAPK from the DNA bead region and themiddle
region of the MII spindle (Figures S2F–S2I), suggesting
that active Ran may be important for concentrating
MAPK kinase activity near the chromatin.
Myosin II Is a Critical Downstream Effector
of the DNA Cue in Establishing Cortical Polarity
To gain insights into the downstream effectors of DNA
bead signaling, we tested the effects of inhibitors of actin
and myoII on the localization of the cortical cap compo-
nents. Treatment of eggs with Latrunculin-A (Lat-A) abol-
ished DNA bead-induced cortical actin and PAR-3 cap
formation (Figures 4A and 4B, arrows) but did not block
cortical enrichment of myoII (Figure 4C, arrow). However,
DNA bead-induced cortical myoII failed to organize into
a ring and all the previously formed myoII rings overlying
the MII chromosomes changed to myoII caps (Figure 4C,
inset). These results suggest that DNA-directed myoII
localization is independent of actin or the PAR-3 polarity
complex, but formation of the myoII ring requires F-actin.
Treatment ofMII eggswithML-7, an inhibitor of themyosin
light chain kinase (MLCK) required for myoII activation and
filament assembly, abolished polarized cortical localiza-
tion of myoII, actin, and PAR-3 (Figures 4D–4F, arrows),
suggesting that myoII activation is a critical event in
DNA-induced cortical polarity.
The contractile activity of myoII is required for the asym-
metric distribution of polarity proteins in C. elegans
zygotes (Cowan and Hyman, 2004; Munro et al., 2004).
To test whether the function of myoII in mouse egg polar-
ity also depends on motor activity, we disrupted myoII
ATPase activity by using the nonmuscle myosin II inhibitor
Blebbistatin (Straight et al., 2003; Limouze et al., 2004).
Under this condition, the injected DNA beads were only
able to induce myoII cap but not ring formation (Figure 4G,
arrow), and all the previously formed myoII rings overlying
the MII chromosomes changed into caps (Figure 4G,
arrowhead). Consistent with the preservation of the corti-
cal actin cap, PAR-3 localization was maintained after
Blebbistatin treatment (Figures 4H and 4I). This suggests
that myosin phosphorylation but perhaps not its motor
activity is important for establishing actin/PAR-3 cortical
polarity.
DISCUSSION
Combining the results described above and previously
published data, it appears that a unique characteristic of
the mouse female meiotic system is that cortical polarity
is cued by an internal asymmetry coming from the position
of theDNA. Although it remains unclearwhether any in vivovier Inc.
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Chromatin Signaling in Oocyte Cortical PolarityFigure 3. Chromatin-Induced Cortical
Polarization and MyoII Ring Forma-
tion Are Independent of Microtubule
Assembly
(A–C) DNA bead- and maternal chromosome-
induced cortical polarization and spindle
formation in MII eggs.
(A) A bipolar spindle (green) and an actin cap
(red) were induced by the injected DNA beads
(blue, arrow).
(B) The meiotic MII spindle (green, arrowhead)
and the cortical actin cap (red) of the same egg
at different focal planes.
(C) AnMII egg showing actin caps overlying the
injected DNA beads (arrow) and the maternal
chromosomes (arrowhead) with no spindle for-
mation around either the DNA beads or thema-
ternal chromosomes.
(D–F) A nocodazole-treated egg showing the
formation of a myoII ring (D, green, arrow)
and an actin cap (E, red, arrow) overlying the
injected DNA beads (blue, arrows). (F) shows
microtubule staining (assigned the color green
for convenient visualization).
(G and H) Nocodazole induced the meiotic
chromosome scattering that induced multiple
cortical polarization domains in the eggs. The
images show twomyoII rings (G, green, arrows)
surrounding the two actin caps (H, red, arrows)
overlying the scattered pieces of chromo-
somes (arrows).
(I) Microtubule staining of the same egg (green
as the assigned color for convenient visualiza-
tion).
(J and K) Spindle assembly without chromatin
(indicated by arrowheads in the cytoplasts)
was unable to induce cortical polarization (actin
is shown in red,microtubules in green, andDNA
in blue). Note that no DAPI-stained structures
were observed in the cytoplasts.
(L) A projection image showing a cytoplast
injected with DNA beads (blue, arrow). Note
that an actin cap (red) was induced by the in-
jected DNA beads (arrow) and the chromatin-
less spindle (green, arrowhead) failed to induce
an actin cap.predetermined cortical cues exist to bias the movement
of the meiotic chromatin, our experiments demonstrate
that the egg is capable of establishing cortical polarity in
any orientation in response to the DNA cue. It is interesting
to note that DNA beads placed near the center of the
oocyte failed to induce any cortical actomyosin assembly
but were only effective within 20 mm of the plasma
membrane. This distance-dependent signal propagation
explains why oocytes with a defect in chromosomemigra-
tion fail to undergo polar body extrusion (Leader et al.,
2002). An intrinsic dependence of cortical actomyosin
assembly on asymmetrically positioned chromosomes
helps to ensure that polar body extrusion occurs in a highly
restricted cortex overlying the chromosomes, therefore
minimizing the loss of oocyte cytoplasm.
Because neither actin nor microtubules are required
for chromatin-induced myoII cortical assembly, propaga-
tion of the signal through the cytoplasm is unlikely to beDevelopmemediated through cytoskeleton-based transport. The dis-
tance dependence in the DNA bead-induced cortical
responsesuggests that thesignal decays rapidly as thedis-
tance from the chromatin increases, with a signaling range
of up to 20 mm. This is consistent with the spatial range of
the RanGTP gradient measured in Xenopus oocytes and
somatic cells (Caudron et al., 2005; Kalab et al., 2006). Sig-
nal decay through Ran GTP hydrolysis could provide
a convenient molecular ruler that ensures the assembly of
actin and myosin occurs only when the chromosomes are
within a certain distance of the cortex (Figure 4J).
Involvement of a RanGTP gradient in mediating DNA
signal to the cortex is consistent with the quantitative
observation that the actin caps became narrower as
bead distance to the nearest cortex increased (Figure 4J).
Similarly, a smaller gradient, for example, that generated
by a single DNA bead, would be expected to result in
a narrower actin cap (Figure 4J), which in fact wasntal Cell 12, 301–308, February 2007 ª2007 Elsevier Inc. 305
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Chromatin Signaling in Oocyte Cortical PolarityFigure 4. Effects of Lat-A, ML-7, and
Blebbistatin on DNA Bead-Induced Cor-
tical Polarization
(A and B) Lat-A abolished the cortical actin (A,
in a gray image) and PAR-3 (B, red) caps over-
lying both the injected DNA beads (A and B,
arrows) and the MII chromosomes (B, inset,
arrowhead).
(C) MyoII assembled into caps (green) instead
of rings over the injected DNA beads (arrow)
and MII chromosomes (inset, arrowhead) in
the Lat-A-treated eggs.
(D–F) ML-7 blocked the DNA bead-induced
cortical enrichment of myoII (D, green, arrow)
and cortical actin/PAR-3 caps (E, red and F,
green, arrows). Note that the previously formed
actin cap overlying the MII chromosomes was
severely disorganized and the actin filaments
were detached from the cortical cap (E, red,
arrowhead).
(G–I) Effects of Blebbistatin (Blebb) on chroma-
tin-induced distinct cortical localization of
myoII (G, green), actin (H, red), and PAR-3
(I, green). Note that the chromatin-induced for-
mation of actin/PAR-3 cap and myosin cortical
assembly were not affected by Blebbistatin but
myoII ring formation was blocked (G, green,
arrow and arrowhead).
(J) A speculative model for how a RanGTP gra-
dient could control the formation of the actin
cap. The gray circle depicts a RanGTP gradient
emanating from the chromatin. d1 is the short-
est distance from the chromatin to the cortex;
d2 is the radius beyond which RanGTP concen-
tration falls below a functional threshold. Polar
cap formation requires d1 < d2. Larger d2 rela-
tive to d1 results in a wider actin cap, and
reduction in d2 due to less DNA input (such
as injecting only one DNA bead) results in a
narrower cap. These predictions are consistent
with the results shown in Figure 1.
(K) A schematic diagram depicting the spatial
and temporal events critical for establishment
of cortical polarity during meiosis in mouse
oocytes. The solid arrows represent the func-
tional hierarchy and the dashed arrow repre-
sents spatial regulation.observed. It is interesting to note that injection of the con-
stitutively active RanQ69L at a high concentration, which
could flatten the endogenous RanGTP gradient, inhibited
DNA-induced cortical polarity as opposed to inducing
multiple caps. This may suggest that some other factors
critical for cortical cytoskeleton assembly exist in limited
quantities and may become dispersed due to the global
increase in active Ran concentration. Additionally, we
have found that neither RanGTP- nor RCC1-coated beads
were sufficient to induce cortical polarity or spindle as-
sembly in mouse oocytes (data not shown), suggesting
that whereas these proteins are essential for chromatin
signaling, chromatin may play additional roles during
these processes.
Surprisingly, activation of myoII, which is regulated by
MLCK, is required for the cortical accumulation of both
actin and the PAR-3 polarity protein in response to the306 Developmental Cell 12, 301–308, February 2007 ª2007 Elschromatin signal, suggesting that myoII activation may
be a critical step downstream of the Ran signal (summa-
rized in Figure 4K). Although RanT24N did not inhibit global
activation of MAP kinase, it appears that RanGTP is re-
quired for concentrating MAPK kinase activity to the vicin-
ity of the chromosomes, which could result in local activa-
tion of MLCK and stimulation of myoII assembly (Klemke
et al., 1997). The function of myoII during this process
may be distinct from the role of myoII in asymmetrically
dividing C. elegans zygotes (Munro et al., 2004). In this
mitotic system, myoII is proposed to concentrate polarity
determinants to the anterior cortical domain through its
actin-based motor activity, whereas the polarity function
of myoII in mouse oocytes may not require its motor
activity. MyoII may instead play a scaffolding role in
tethering actin filaments and the PAR-3/aPKC polarity
complex.evier Inc.
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Microinjection
Collection of MII mouse oocytes was as previously described (Deng
et al., 2003). DNA beads were prepared using 2.8 mm streptavidin-
coated Dynal beads as previously described (Heald et al., 1996).
Microinjection was performed in M2 medium (Hogan, 1994) (Chemi-
con, Temecula, CA, USA) using micromanipulators (Narishige, Tokyo,
Japan) and a Piezol system (PrimeTech, Ibaraki, Japan). Eggs injected
with beads were cultured in M16 medium (Hogan, 1994) (Chemicon) at
37C under an atmosphere of 5% CO2 in air for 1.5 hr.
Induction of Chromatin-less Spindle in Cytoplasts
MIl chromosomes/spindles and the associated cytoplasm membrane
were removed from the eggs by suction with a micropipette. The cyto-
plasts were cultured overnight to allow microtubules to organize into
bipolar spindles (Brunet et al., 1998).
Drug Treatments
Eggs were treated with 10 mMnocodazole (Sigma, St. Louis, MO, USA)
for 1 hr and then injected with DNA beads. To inhibit myosin light chain
phosphorylation and myosin II ATPase activity, eggs were treated with
ML-7 (Sigma) at 50 mM (Deng et al., 2005; Matson et al., 2006) or
Blebbistatin (Calbiochem, San Diego, CA, USA) at 100 mM (Matson
et al., 2006; Straight et al., 2003) for 30–40 min prior to bead injection,
during and after which the drugs were also present. To ensure optimal
survival, we injected eggs with DNA beads first and then transferred




Fixation and staining were performed as described in Deng et al.
(2005). The following primary antibodies were used: rabbit polyclonal
against nonmuscle myosin II heavy chain A and B (Covance, Berkeley,
CA, USA) at 2.5 mg/ml; mouse monoclonal antibody against a-tubulin
(Sigma) at 1.3 mg/ml; rabbit polyclonal antibody against PAR-3
(Upstate Cell Signaling Solutions, Lake Placid, NY, USA) at 5 mg/ml;
and rabbit anti-phospho-MAP kinase (ERK1 + 2) (Zymed, San Fran-
cisco, CA, USA) as described (Deng et al., 2005). All images were
acquired by using a 403 oil objective on a Leica TCS SP2 (Wetzlar,
Germany) or a Zeiss LSM510 (Jena, Germany) confocal microscope.
For 3D reconstruction, 50 Z sections spanning all the observed struc-
tures were collected and reconstructed using Leica scanning software
and Zeiss laser scanning microscopes/fluorescence correlation spec-
troscopy. The reconstructed images were exported as AVI movies to
show the 3D information of the observed structures. The figures
were assembled by importing the images into Photoshop 7.0. The
size of the actin cap was measured using Metamorph software
(Molecular Devices, Sunnyvale, CA, USA).
MAP Kinase and Histone H1 Kinase Assay
MAP kinase and CDK1 activities were determined as previously
described (Polanski et al., 1998; Xu et al., 1996). Five eggs of each
groupwere collected in 5 ml of collection buffer and kept at20Cprior
to the kinase activity assay.
Supplemental Data
Supplemental data include two figures and two movies and can be
found with this article online at http://www.developmentalcell.com/
cgi/content/full/12/2/301/DC1/.
ACKNOWLEDGMENTS
We thank Ting Xie for sharing a confocal microscope; Kim Cavanaugh
for assistance in mouse breeding; Sarah Smith and Danny Stark for
assistance in image analysis; Rebecca Heald for sharing detailed
technical information on making DNA beads; and Scott Hawley forDevelopmecritical reading of the manuscript. This work was supported by funds
from the Stowers Institute for Medical Research to R.L. and NIH grant
(HD22732) to R.M.S.
Received: April 14, 2006
Revised: August 31, 2006
Accepted: November 9, 2006
Published: February 5, 2007
REFERENCES
Bement, W.M., Mandato, C.A., and Kirsch, M.N. (1999). Wound-
inducedassemblyandclosureof anactomyosinpursestring inXenopus
oocytes. Curr. Biol. 9, 579–587.
Brunet, S., and Maro, B. (2005). Cytoskeleton and cell cycle control
during meiotic maturation of the mouse oocyte: integrating time and
space. Reproduction 130, 801–811.
Brunet, S., Polanski, Z., Verlhac, M.H., Kubiak, J.Z., and Maro, B.
(1998). Bipolar meiotic spindle formation without chromatin. Curr.
Biol. 8, 1231–1234.
Carazo-Salas, R.E., Gruss, O.J., Mattaj, I.W., and Karsenti, E. (2001).
Ran-GTP coordinates regulation of microtubule nucleation and
dynamics during mitotic-spindle assembly. Nat. Cell Biol. 3, 228–234.
Caudron, M., Bunt, G., Bastiaens, P., and Karsenti, E. (2005). Spatial
coordination of spindle assembly by chromosome-mediated signaling
gradients. Science 309, 1373–1376.
Clarke, P.R. (2005). Cell biology. A gradient signal orchestrates the
mitotic spindle. Science 309, 1334–1335.
Connors, S.A., Kanatsu-Shinohara, M., Schultz, R.M., and Kopf, G.S.
(1998). Involvement of the cytoskeleton in the movement of cortical
granules during oocyte maturation, and cortical granule anchoring in
mouse eggs. Dev. Biol. 200, 103–115.
Cowan, C.R., and Hyman, A.A. (2004). Asymmetric cell division in
C. elegans: cortical polarity and spindle positioning. Annu. Rev. Cell
Dev. Biol. 20, 427–453.
Deng, M., Kishikawa, H., Yanagimachi, R., Kopf, G.S., Schultz, R.M.,
and Williams, C.J. (2003). Chromatin-mediated cortical granule redis-
tribution is responsible for the formation of the cortical granule-free
domain in mouse eggs. Dev. Biol. 257, 166–176.
Deng, M., Williams, C.J., and Schultz, R.M. (2005). Role of MAP kinase
and myosin light chain kinase in chromosome-induced development
of mouse egg polarity. Dev. Biol. 278, 358–366.
Drubin, D.G., and Nelson, W.J. (1996). Origins of cell polarity. Cell 84,
335–344.
Duncan, F.E., Moss, S.B., Schultz, R.M., and Williams, C.J. (2005).
PAR-3 defines a central subdomain of the cortical actin cap in mouse
eggs. Dev. Biol. 280, 38–47.
Heald, R., Tournebize, R., Blank, T., Sandaltzopoulos, R., Becker, P.,
Hyman, A., and Karsenti, E. (1996). Self-organization of microtubules
into bipolar spindles around artificial chromosomes in Xenopus egg
extracts. Nature 382, 420–425.
Hinkle, B., Slepchenko, B., Rolls, M.M., Walther, T.C., Stein, P.A.,
Mehlmann, L.M., Ellenberg, J., and Terasaki, M. (2002). Chromosomal
association of Ran duringmeiotic andmitotic divisions. J. Cell Sci. 115,
4685–4693.
Hogan, B. (1994). Manipulating the Mouse Embryo: A Laboratory
Manual, Second Edition (Plainview, NY: Cold Spring Harbor Labora-
tory Press).
Kalab, P., Weis, K., and Heald, R. (2002). Visualization of a Ran-GTP
gradient in interphase and mitotic Xenopus egg extracts. Science
295, 2452–2456.
Kalab, P., Pralle, A., Isacoff, E.Y., Heald, R., and Weis, K. (2006). Anal-
ysis of a RanGTP-regulated gradient in mitotic somatic cells. Nature
440, 697–701.ntal Cell 12, 301–308, February 2007 ª2007 Elsevier Inc. 307
Developmental Cell
Chromatin Signaling in Oocyte Cortical PolarityKlemke, R.L., Cai, S., Giannini, A.L., Gallagher, P.J., de Lanerolle, P.,
and Cheresh, D.A. (1997). Regulation of cell motility by mitogen-
activated protein kinase. J. Cell Biol. 137, 481–492.
Leader, B., Lim, H., Carabatsos, M.J., Harrington, A., Ecsedy, J., Pell-
man, D., Maas, R., and Leder, P. (2002). Formin-2, polyploidy, hypofer-
tility and positioning of the meiotic spindle in mouse oocytes. Nat. Cell
Biol. 4, 921–928.
Limouze, J., Straight, A.F., Mitchison, T., and Sellers, J.R. (2004).
Specificity of blebbistatin, an inhibitor of myosin II. J. Muscle Res.
Cell Motil. 25, 337–341.
Longo, F.J., and Chen, D.Y. (1985). Development of cortical polarity in
mouse eggs: involvement of the meiotic apparatus. Dev. Biol. 107,
382–394.
Maro, B., Johnson, M.H., Webb, M., and Flach, G. (1986). Mechanism
of polar body formation in the mouse oocyte: an interaction between
the chromosomes, the cytoskeleton and the plasma membrane.
J. Embryol. Exp. Morphol. 92, 11–32.
Matson, S., Markoulaki, S., and Ducibella, T. (2006). Antagonists of
myosin light chain kinase and of myosin II inhibit specific events of
egg activation in fertilized mouse eggs. Biol. Reprod. 74, 169–176.
Munro, E., Nance, J., and Priess, J.R. (2004). Cortical flows powered
by asymmetrical contraction transport PAR proteins to establish and
maintain anterior-posterior polarity in the early C. elegans embryo.
Dev. Cell 7, 413–424.308 Developmental Cell 12, 301–308, February 2007 ª2007 ElsePolanski, Z., Ledan, E., Brunet, S., Louvet, S., Verlhac, M.H., Kubiak,
J.Z., and Maro, B. (1998). Cyclin synthesis controls the progression
of meiotic maturation in mouse oocytes. Development 125, 4989–
4997.
Shulman, J.M., and St Johnston, D. (1999). Pattern formation in single
cells. Trends Cell Biol. 9, M60–M64.
Siegrist, S.E., and Doe, C.Q. (2005). Microtubule-induced Pins/Gai
cortical polarity in Drosophila neuroblasts. Cell 123, 1323–1335.
Simerly, C., Nowak, G., de Lanerolle, P., and Schatten, G. (1998).
Differential expression and functions of cortical myosin IIA and IIB
isotypes during meiotic maturation, fertilization, and mitosis in mouse
oocytes and embryos. Mol. Biol. Cell 9, 2509–2525.
Straight, A.F., Cheung, A., Limouze, J., Chen, I., Westwood, N.J.,
Sellers, J.R., and Mitchison, T.J. (2003). Dissecting temporal and
spatial control of cytokinesis with a myosin II inhibitor. Science 299,
1743–1747.
Wilde, A., Lizarraga, S.B., Zhang, L., Wiese, C., Gliksman, N.R., Walc-
zak, C.E., and Zheng, Y. (2001). Ran stimulates spindle assembly by
altering microtubule dynamics and the balance of motor activities.
Nat. Cell Biol. 3, 221–227.
Xu, Z., Lefevre, L., Ducibella, T., Schultz, R.M., and Kopf, G.S. (1996).
Effects of calcium-BAPTA buffers and the calmodulin antagonist W-7
on mouse egg activation. Dev. Biol. 180, 594–604.vier Inc.
